of subsequent recurrence. 33 However, the importance of the Simpson grading system in predicting recurrence after the resection of meningiomas has been questioned several times since its original description. 33 The authors of a recent study have argued that aggressive meningioma resection did not result in a significant reduction of recurrence rates as compared with rates following resection of only the tumor itself or when leaving a small residual tumor attached to vital structures in the brain. 34 Advances in resection techniques, instrumentation, and microscope technology have improved the success rate of resection and lowered complication rates. 30 In our study we sought to evaluate the relevance of the Simpson grading system in predicting recurrence rates after the resection of WHO Grade I meningiomas by reviewing our experience with patients who underwent resection and were followed up at our institution.
Methods
We performed this study after obtaining approval from the institutional review board at the LSU Health Sciences Center, Shreveport, Louisiana. Information related to clinical history, neuroimaging, surgical technique, and outcomes in patients with meningiomas who had undergone resection between January 1995 and December 2014 was collected retrospectively by review of the medical record and relevant imaging.
Central pathology review was done to classify WHO Grade I meningiomas on the basis of the listed criteria. 20 We reevaluated the cases diagnosed before 2007 and reclassified them according to the latest WHO grading system. The extent of resection was assessed using the Simpson (Supplemental Table 1 ) 33 and modified Shinshu grading scales (Supplemental Table 2 ). 1 The latter grading system, while infrequently used in the literature, aims to assess the extent of meningioma resection and involves more subclassifications of resection. The Simpson grading system is largely based on macroscopic resection criteria, while the modified Shinshu grading system also includes assessment of surgical removal at the microscopic level.
Gross-total resection followed by a good functional outcome is expected in most patients with meningioma. Therefore, we compared Simpson Grades I and II (complete resection) to Simpson Grades III and IV (subtotal resection).
Follow-up data were collected from the study population. Neuroimaging studies were performed at 6-month intervals during the 1st year after resection and annually thereafter.
statistical analysis
The statistical analysis was conducted using SPSS software version 21.0 (IBM Corp.). Kaplan-Meier analysis was used to assess RFS. The log-rank (Mantel-Cox) test was used to assess significance in recurrence rates. A univariate and multivariate Cox proportional-hazards regression model was used to determine independent significant factors of RFS. Chi-square tests were also used where appropriate. A p value < 0.05 was considered significant.
results characteristics of Patients and tumors
A total of 525 patients underwent resection of meningioma between 1995 and 2014. After initial screening, 458 patients who had undergone resection of WHO Grade I meningiomas were eligible for evaluation (Table 1) . One hundred twenty-seven patients (27.7%) were male, and 331 (72.3%) were female. Two hundred ninety-six patients (64.5%) were white, and 146 (31.8%) were African American. The median patient age was 56 years (range 13-98 years). Three hundred eighteen tumors (69.4%) were located along the skull base, 102 (22.2%) arose from the convexity, and 32 (7%) arose from the falx or tentorium ( Table 2 and Fig. 1 ). Each case was graded according to its extent of resection. Eighty cases (17.5%) underwent Simpson Grade I resection; 294 cases (64.2%), Grade II resection; 32 cases (7%), Grade III resection; and 52 cases (11.4%), Grade IV resection.
One hundred twenty-eight patients (28%) were lost to follow-up (Table 3) . Two hundred sixty-one patients (79%) remained recurrence free during the follow-up period, and 69 patients (21%) experienced tumor recurrence. The average duration of follow-up was 54 months (1-250 months).
recurrence-Free survival outcome
The median recurrence-free survival (RFS) period among all 330 patients was 128 months. RFS rates at 3, 5, and 10 years after resection were 90%, 78%, and 60%, respectively. The recurrence rates varied at different time points in the entire follow-up period, as shown in Fig. 2 . The recurrence rate was higher and earlier in Grade III (31%) and Grade IV (35%) resections, followed by Grade II (22%) and Grade I (5%). 
Simpson Grading for 330 Cases
The median RFS time for Simpson Grades I, II, III, and IV was 247, 116, 68, and 85 months, respectively. The difference in the median RFS reached statistical significance (p = 0.001, log-rank test; Fig. 3A) . When data for patients undergoing resection Grades I and II were combined and compared with data for patients who underwent resection Grades III and IV, the median RFS time was 133 and 85 months, respectively (p = 0.004, log-rank test; Fig. 3B ).
Modified Shinshu Grading for 330 Cases
The median RFS time for Shinshu Grades I, II, III, and IV was 248, 128, 69, and 86 months, respectively. The difference in median survival reached statistical significance (p = 0.002, log-rank test; Fig. 3C ). When data for patients undergoing resection Grades I and II were combined and compared with those for patients who underwent resection Grades III and IV, the median RFS was 134 and 86 months, respectively (p = 0.009, log-rank test; Fig. 3D ).
Simpson Grading of Skull Base Meningioma Resections
The median RFS for Simpson Grades I, II, III, and IV was 248, 114, 102, and 85 months, respectively. The difference in median survival reached statistical significance (p = 0.047, log-rank test; Fig. 4A ). When data for patients undergoing resection Grades I and II were combined and compared with those for patients who underwent resection Grades III and IV, the median RFS time was 129 and 85 months, respectively (p = 0.045, log-rank test; Fig. 4B ).
Modified Shinshu Grading of Skull Base Meningioma Resections
The median RFS for Shinshu Grades I, II, III, and IV was 247, 117, 95, and 85 months, respectively. The difference in median survival reached statistical significance (p = 0.03, log-rank test; Fig. 4C ). In addition, when combined data for patients undergoing resection Grades I and II were compared with those for patients who underwent resection Grades III and IV, the median RFS time was 134 and 86 months, respectively (p = 0.07, log-rank test; Fig. 4D ).
Simpson Grading of Convexity Meningioma Resections
The median RFS for Simpson Grades I, II, III, and IV was 152, 98, 8, and 67 months, respectively. The difference in median survival reached statistical significance (p < 0.0001, log-rank test; Fig. 5A ). When data for patients undergoing resection Grades I and II were combined and compared with those for patients who underwent resection Grades III and IV, the median RFS time was 128 and 65 months, respectively (p = 0.004, log-rank test; Fig. 5B ).
Modified Shinshu Grading of Convexity Meningioma Resections
The median RFS for Shinshu Grades I, II, III, and IV was 129, 105, 11, and 67 months respectively. The difference in median survival reached statistical significance (p < 0.0001, log-rank test; Fig. 5C ). In addition, when data for Shinshu Grades I and II were combined and compared with data for Grades III and IV, the median RFS time was 128 and 65 months, respectively. The difference in median survival reached statistical significance (p = 0.003, log-rank test; Fig. 5D ).
Patient Sex
The median RFS was 79 months for the male patients and 139 months for the female patients. This difference in median survival time between the 2 groups reached statistical significance (p = 0.015, log-rank test). This difference in recurrence rates according to patient sex was also observed for patients who underwent resection of convexity tumors (p = 0.001), but was not significant for patients who underwent resection of skull base meningioma (p = 0.14; Supplemental Fig. 1 ).
Ethnicity
The median RFS was 116 months for whites and 109 months for African Americans. The difference between the 2 groups did not reach statistical significance (p = 0.47, log-rank test). 
Patient Age
The median RFS for patients aged > 65 years was 122 months. For patients aged 65 years and younger, median survival time was 126 months. This difference in median survival time between the 2 groups did not reach statistical significance (p = 0.34, log-rank test)
KPS Score
The median RFS time for patients with a Karnofsky Performance Scale (KPS) score > 70 was 159 months. For patients with a KPS score ≤ 70, median RFS was 110 months. This difference in median survival time between the 2 groups reached statistical significance (p = 0.03, logrank test; Supplemental Fig. 2 ).
complications
Symptomatic improvement and complications are shown in Tables 4 and 5 . Postoperative complications occurred in 11 patients (3.3%) who developed postsurgical infection, 13 patients (3.9%) who experienced new hydrocephalus, 4 patients (1.2%) who developed deep vein thrombosis, 2 patients (0.6%) who developed cerebrospinal fluid leakage, and 1 patient (0.3%) each who experienced pulmonary embolism, pneumonia, and renal failure. Fifty-two patients (16%) required further treatment with repeat resection, and 26 cases (8%) underwent further treatment with stereotactic radiosurgery (Gamma Knife) after the initial resection. 
Predictive Factors of survival
Univariate and multivariate Cox regression analysis was performed to identify predictors of RFS for patients with WHO Grade I meningiomas ( Table 6 ). The following covariates were included in the models: sex (male vs female), race (white vs African 
Discussion
Although the majority of meningiomas are benign in nature, recurrence depends on the resection grade. Recurrence rates for meningiomas after resection vary among studies and range between 15% and 25%. As expected, the amount of residual tumor has a significant effect on meningioma recurrence rates. Simpson demonstrated this idea by defining the extent of microsurgical resection in 5 established grades of resection 33 This grading system led to the conclusion that a "cure" for meningiomas could be achieved by gross-total resection, including wide resection of the attached dura and underlying bone. 11, 13, 24 Similarly, the extent of resection has been quite persistently identified as a predictor of recurrence in previous studies of WHO Grade I meningiomas. 5, 13, 24 A Simpson Grade I resection can most often be achieved when the meningioma is located along the convexity; however, resection becomes challenging or impossible in cases of parasagittal meningiomas infiltrating the sinus or invasive skull base meningiomas in difficult-to-access locations (for example, petroclival). In those cases complete surgical removal can carry a high risk of severe postoperative morbidity. Over the years a paradigm shift has occurred among neurosurgeons, who opt for a safer degree of resection that minimizes risks to the patient's postoperative functional status at the cost of leaving small amounts of residual tumor that can be treated with imaging surveillance or adjuvant treatment via stereotactic radiosurgery. We reviewed our experience in the management of 458 patients with WHO Grade I meningiomas surgically treated over a 20-year period. Overall recurrence rates in the original Simpson paper 33 were 9% for Grade I resection, 16% for Grade II, 29% for Grade III, 39% for Grade IV, and 100% for Grade V. In our study here the overall rate of recurrence was 21%, and it was significantly associated with extent of resection (p = 0.001). The overall recurrence rates were 5% for Simpson Grade I, 22% for Grade II, 31% for Grade III, and 35% for Grade IV. Similar recurrence rates were noted in previously published studies as well. 3, 12 We observed a similar trend in recurrence rates in our study when the Shinshu grading system (p = 0.002) of resection was used. Recent studies, including our own, have revealed that tumor control rates have not deviated significantly from those reported in Simpson's original publication despite recent improvements in our ability to detect smaller tumor remnants.
However, Sughrue and colleagues have challenged the relevance of the Simpson resection grading system as a predictor of the recurrence of WHO Grade I meningiomas. 34 These authors found only a negligible benefit in aggressive attempts to resect meningiomas with their attached dura and underlying bone, compared with removing the entire tumor alone or leaving a small residual tumor. Although Sughrue et al. partially agreed with the general consensus of complete removal for convexity meningiomas, they did not support complete removal for skull base meningiomas. On the contrary, other recent series by Hasseleid et al. 9 and van Alkemade et al., 36 along with older reports, 5,13,24 have strongly supported a significant association between Simpson grades and recurrence rates of benign meningiomas including skull base meningiomas. Similarly, our results support Simpson's concept of resection, and they contradict the findings of Sughrue and colleagues. Hasseleid et al. 9 explained that Sughrue's conclusions were based on a group that was too small (77 convexity lesions) for their findings to be transferable. Our results agree with the findings of Hasseleid et al. (391 convexity lesions). In our series, convexity (102 lesions) and skull base (318 lesions) meningiomas showed a strong correlation with Simpson resection grade, recurrence rate, and RFS. However, meningiomas in falcine and tentorial regions did not show a correlation with resection grade or tumor recurrence, and that may be due to a low volume of cases (32 lesions) in those regions. In addition, in Sughrue's series, 30% of patients underwent Grade IV resection, whereas only 11% of cases in our study underwent Grade IV resection. This may have played a role in the contradiction of each other's results. van Alkemade et al. 36 showed that older patients (age > 65 years) usually underwent less radical surgery and experienced worse overall survival. Therefore, van Alkemade et al. 36 suggested that Sughrue's work could be explained by patient selection and confounding competing risk factors. In the series by Sughrue et al., 34 71.3% of the cases underwent preoperative embolization. These authors suggested that the tumor control rate was worse in patients who underwent Grade IV resection without preoperative embolization. This result indicates minor beneficial effect of preoperative embolization in their series. In contrast, in our study not a single patient underwent preoperative embolization. This may be one of the reasons for the differing results in the resection rate. Regardless, the beneficial role of preoperative embolization is controversial and not the topic of this paper. 28, 32 Lastly, Sughrue et al. claimed that their results could be due to advances in imaging, surgical techniques, and histopathological grading of tumors in the last few decades. However, the findings of recent studies, including the present one, still validate the general consensus of a correlation between Simpson grade of resection and tumor recurrence.
convexity tumors and recurrence after resection
The ability to achieve a Simpson Grade I resection is affected by tumor location. It is easier to achieve a more extensive resection of convexity meningiomas, and it has been proposed that a true Simpson Grade I resection is possible only in this tumor group. 25, 27 This proposal has been confirmed by several large series. 9, 36 In addition, Kinjo et al. 16 has even described a Grade 0 (removal of an additional dural margin of about 2 cm around the tumor) excision for convexity meningiomas to further minimize the possibility of recurrence. In our study, recurrence rates of WHO Grade I convexity meningiomas after complete resection remained quite small (0.4%). In addition, a strong correlation between Simpson grade and RFS was observed. This result was consistent with a previous report that demonstrated 0% recurrence rate after complete resection of benign meningiomas. 27 Similarly, when using the modified Shinshu grading system, the recurrence rates of WHO Grade I convexity meningiomas were also small (0.6%), and again there was a strong correlation between complete resection and RFS.
skull base Meningiomas and recurrence rates after resection
Determining the appropriate treatment strategy for skull base meningiomas can represent a formidable challenge. 8, 23 Given their nature, location, and proximity to major neurovascular structures, skull base meningiomas are more difficult to resect completely. Most surgeons often prefer a conservative approach that avoids extensive repair of the cranial base after the resection of skull base dura to minimize the risks of a cerebrospinal fluid leakage. 7 As with meningiomas in other regions of the brain, the recurrence of skull base meningiomas has been associated with extent of resection. 10, 19, 31 In our study we confirmed an association between the extent of resection (using the Simpson or Shinshu systems) and RFS. However, this association is sometimes unpredictable in meningiomas in certain skull base locations, particularly for sphenopetroclival or cavernous meningiomas. 6, 35 Since the original Simpson publication, additional factors have been investigated as regards their association with meningioma recurrence rates. 3, 16, 18, 21 Residual neoplastic cells around the craniotomy site or meningoepithelial cells along the dural tail can cause a recurrence. 3, 21 One study demonstrated an association between peritumoral edema and meningioma recurrence. 21 Other studies have revealed that neovascularization and cell proliferation are associated with meningioma recurrence. 3, 18 A negative association has been described between rates of RFS and an advanced age and a lower KPS score. The negative impact of older age on survival, surgical mortality, and morbidity is well established, and perhaps the association between an advanced age and lower rates of RFS can be explained by the fact that extensive resection is discouraged in elderly patients. 4, 22 In our cohort an advanced age was not significantly associated (p = 0.38) with RFS. Male patients demonstrated higher rates of recurrence after resection, an observation that has been described in a previous report as well. 15 Similarly patients with KPS scores lower than 70 had increased rates of recurrence, and KPS score has been previously described as a predictor of meningioma recurrence after resection. 
study limitations
The present study has several limitations inherent to its retrospective nature. Our series contains meningiomas located at different locations with perhaps varying patterns of growth; however, a subgroup analysis was performed to address this problem. Another issue is the fact that the resections were performed by multiple surgeons with different levels of surgical expertise. The proportion of patients with skull base meningiomas was large in our cohort, a factor that may be explained by the practice patterns of the principal author. Furthermore, the study extends over more than 15 years and 28% of patients were lost to followup, which may affect the observed outcomes. Such a long follow-up period was necessary, however, given the nature of these tumors and their often slow rates of growth. 
conclusions
The significance of the Simpson resection grading system and its correlation with RFS has been well established. Results from our present cohort verify the system's validity and use including in cases of skull base meningiomas. In our experience, the Simpson grading system maintains its relevance and prognostic value and can serve an important role for patient education. Even though complete tumor resection is the goal, resection should be tailored to each patient depending on the risks and surgical morbidity.
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